I. INTRODUCTION
Perovskite photovoltaics has seen unprecedented progress in reported power-conversion efficiencies since 2009. 1−3 Perovskites used in photovoltaics have the crystal structure of ABX 3 , where A is a cation (such as methylammonium (MA, CH 3 NH 3 + ), formamidinium (FA, CH 3 (NH 2 ) 2 + ), Cs + , or Rb + ), B is a divalent metal ion (such as Pb 2+ or Sn 2+ ), and X is a halide (such as I − , Br − , or Cl − ). 3−7 Recent breakthroughs in efficiency have been achieved with mixed-cation and mixedanion perovskites. 3−8 Besides perovskite composition, device interfaces are widely recognized as a bottleneck for both efficiency and stability. 6,9−13 In particular, recent reports have highlighted the need for developing high-performance electron-transport layers (ETL) 14, 15 to reduce interfacial recombination losses that ultimately limit solar-cell efficiency. 16, 17 The use of ZnO as an ETL for emerging thin-film photovoltaics offers a wide range of potential advantages. ZnO is a wide bandgap semiconductor with high electron mobility, with reported values of 200−300 cm 2 V s −1 for bulk material and ∼1000 cm 2 V s −1 for single-crystal nanowires 18−20 and suitable energy levels for efficient extraction of electrons. 21, 22 Despite these advantages, ZnO is currently not widely used in perovskite solar cells 23−27 compared to other ntype metal oxides, such as, for example, TiO 2, SnO 2 , and NiO x , 26−29 likely because of issues of decomposition of the perovskite film in first generation ZnO/MAPbI 3 structures. 30, 31 Additionally, the complex nature of crystal defects in ZnO films and nanostructures has generally limited its application in optoelectronic devices. 21, 32 Decorating ZnO with Au nanoparticles is an intriguing strategy to both passivate the prominent surface defects in ZnO and to increase light absorption in the solar-cell active layer via near-field plasmonic enhancement or light scattering. 33−37 Some publications have demonstrated that decorating ZnO nanostructures with Au nanoparticles quenches green emission from defect states in the ZnO while simultaneously increasing photocatalytic activity. 37−45 However, the underlying mechanisms and electronic interactions between ZnO and Au are not well-understood. 37, 46, 47 Here we investigate the influence of Au nanoparticles on the surface defects and properties of ZnO-NR. These ZnO-NR are prepared via chemical bath deposition, whereas the Au nanoparticles are subsequently formed by thermally evaporating Au onto the ZnO-NR, resulting in small (∼4 nm), evenly distributed Au nanoparticles. The deposition of Au particles via thermal deposition, instead of wet chemical methods, reduces unwanted chemical residue on the ZnO surface. Using photoluminescence (PL) spectroscopy, we find that Audecorated ZnO-NR (ZnO-NR/Au) exhibit a decreased emission from surface defects compared to pristine ZnO-NR. This is in excellent agreement with observations from impedance spectroscopy and X-ray photoelectron spectroscopy (XPS), which show a reduction in the density of trap states at the ZnO-NR/Au/perovskite interface and a reduction in surface defect density, respectively. Finally, UV photoelectron spectroscopy (UPS) correlates these results with an increase in band bending at the ZnO-NR surface because of Au, leading to the effective filling of these surface states. As a proof-ofconcept, we test the performance of mixed-cation and mixedhalide lead perovskite solar cells (Cs 0.15 FA 0.85 PbI 2.75 Br 0.25 ) 48, 49 prepared with ZnO-NR/Au transport layers. Solar cells prepared with ZnO-NR/Au transport layers initially show higher fill factors (FF) and open-circuit voltages (V oc ), leading to higher power-conversion efficiencies (PCE) than solar cells prepared with pristine ZnO-NR. However, we observe that the Au nanoparticles do not improve the operational stability of the perovskite solar cells under continuous light soaking. These Zoom of (a), the defect PL region, where each data set has been fit with two Gaussian distributions, one centered at 2.24 eV (green lines, corresponding to the "green luminescence" in ZnO) and one centered at 2.06 eV (orange lines, corresponding to the "orange luminescence" in ZnO). Fits of the ZnO-NR, ZnO-NR/0.4Au, ZnO-NR/0.8Au, and ZnO-NR/1.2Au are shown as solid, dashed, dotted, and dashed dotted lines, respectively. Traces were plotted with vertical offsets to enhance clarity. (c) The PL emission relative to the ZnO-NR substrate at 2.06 eV (orange) and at 2.24 eV (green) as a function of Au coverage.
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Article results indicate that the operational stability of these solar cells is not only limited by defect states at the ETL interface. 27, 37, 46, 47, 50, 51 II. RESULTS AND DISCUSSION II.i. Surface Defect Passivation in Au-Decorated ZnO Nanorods. ZnO-NR and ZnO-NR/Au samples were fabricated according to the procedure described in the Experimental Section. Briefly, ZnO-NR were deposited using chemical bath deposition (CBD) via ZnO seeding on ITO substrates. 52−54 Decoration of the ZnO-NR with Au nanoparticles was achieved by thermally depositing a thin Au layer on top of the nanorods with the sample kept at room temperature, leading to the formation of small (<10 nm) individual Au nanoparticles distributed over the ZnO-NR array. We investigated ZnO-NR/Au samples prepared with Au ef fective layer thicknesses of 0.4, 0.8, and 1.2 nm. Figure 1 (a−d) shows the top-view scanning electron microscopy (SEM) images of ZnO-NR and ZnO-NR decorated with Au at effective layer thicknesses of 0.4 nm (ZnO-NR/0.4Au), 0.8 nm (ZnO-NR/0.8Au), and 1.2 nm (ZnO-NR/1.2Au), respectively. The ZnO nanorods are 410 nm long (see Figure S1 (b)), and the distribution of Au nanoparticles on the nanorod surface appears homogeneous. From the SEM images, we estimate the diameter of the Au nanoparticles to be approximately 4 ± 1.2 nm, and we cannot identify differences in the Au nanoparticle size between the samples. Figure 2 (a) shows the PL spectra of the ZnO-NR (black solid line), ZnO-NR/0.4Au (blue solid line), ZnO-NR/0.8Au (pink solid line), and ZnO-NR/1.2Au (red solid line), excited at 4.43 eV and normalized to the ZnO-NR emission at 3.23 eV (see also Figure S2 (c)). The emission at around 2 eV originates from defects in the bandgap of the ZnO-NR, 50,51,55−57 and our measurements show that the relative intensity of this defect emission is lower in the ZnO-NR/Au samples compared to the ZnO-NR samples (see also Figure  S2 (c)). In Figure 2 (b), we used two Gaussian contributions to fit the area of defect emission in the PL spectra; here the peak centers, heights, and widths were used as fitting parameters. This approach consistently yields two features, one centered at 2.06 eV (orange) (i.e., "orange emission" in ZnO) and one centered at 2.24 eV (green) (i.e., "green emission" in ZnO). 58 Figure 2(c) shows the decrease (in percentage) of the defect emission at 2.06 eV (orange) and at 2.24 eV (green) as a function of effective Au thickness. The Au nanoparticles lead to a decrease in both green and orange emission from the ZnO by approximately 90%. Specifically, the green emission decreases by 83, 89, and 90%, and the orange emission decreases by 81, 91, and 87% for Au effective thicknesses of 0.4, 0.8, and 1.2 nm, respectively.
The intricate nature of ZnO defects has been intensively investigated in the literature. 21,32,47,55−58 Green emission is widely observed in ZnO fabricated using a variety of different protocols and is attributed to oxygen vacancies (V o ). 21, 32, 55, 56, 57, 59 Orange emission, on the other hand, is commonly observed in hydrothermally synthesized ZnO and has been attributed to interstitial oxygen ions. 55−59 Our PL measurements suggest that Au nanoparticles suppressed both oxygen vacancies and interstitials. 55−59 We can infer that these defects predominantly reside at the surface, given the significant passivation by surface-bound Au nanoparticles. This is consistent with the increasing suppression of the green emission with increasing Au effective thickness.
We would like to point out that our classification of the observed defects as oxygen interstitials and oxygen vacancies is motivated by considerations of bulk ZnO. 21, 32 Likely, we oversimplify the intricate nature of defects at ZnO-NR surfaces, as recent reports have suggested rich defect physics arising from surfactants, significant surface reconstructions, and concomitantly altered defect landscapes. 60, 61 However, our approach is corroborated by the surprisingly similar spectral features of the defect PL of bulk ZnO and our ZnO nanorods (i.e., both exhibit the typical green and orange PL).
Next, XPS and UPS were employed to learn more about the modification of the ZnO-NR surface composition and energetics because of the Au coverage. Figure 3 shows the XPS signals of the (a) Zn 2p 3/2 and (b) O 1s core levels for ZnO-NR (black), ZnO-NR/0.4Au (blue), ZnO-NR/0.8Au (pink), and ZnO-NR/1.2Au (red). The Zn 2p 3/2 signals in Figures 3(a) can be well-described by a single mixed Gaussian/ Lorentzian peak, indicating that Zn is present in the +2 oxidation state. The oxygen 1s signals in Figure 3 (b) can be fit with two contributions, one attributed to oxygen bound in ZnO (O 1 ) and one attributed to surface −OH groups (O 2 ). First, looking at the relative peak intensities and correcting 
Article them for their relative sensitivity factors (see Experimental Section), we can extract the elemental composition of the surface. In Figure 4 (a), the ratio of the total oxygen signal (O 1 + O 2 ) to that of Zn is shown in blue, and the ratio between O 1 and Zn is plotted in red. We clearly observe that an increasing Au effective layer thickness leads to a relative decrease in the Zn signal with respect to the oxygen signal. The O 1 excess is increased by 26, 28, and 62% for ZnO-NR/0.4Au, ZnO-NR/ 0.8Au, and ZnO-NR/1.2Au, respectively, compared to O 1 excess in pristine ZnO-NR. This means that Au nanoparticles either preferably bind to the surface Zn sites, thereby covering them and rendering them unobservable, and/or induce a change in surface termination, by which the effective amount of oxygen at the surface is increased. The second scenario agrees with our finding of a decrease in defect PL, thereby supporting the hypothesis that Au leads to a reduction in surface oxygen vacancies. Figure 4 (b) shows the related change in the ratio between the two different oxygen contributions, O 1 /O 2 vs Au coverage. Here we observe a clear increase in the ZnO-related O 1 peak with respect to the defective OH-related O 2 up to a coverage of 0.8 nm. At this moment, it is unclear why the 1.2 nm value does not follow this trend, possibly because the gold becomes more reactive to oxygen at a certain size or the gold particles at a certain size coalesce differently. 40 More specifically, Figure 4 shows that in the case of the oxygen vacancy defects (O 1 ), we observe a clear trend in the reduction of defects with increasing Au coverage, whereas this trend is not as clear for the defects related to OH groups (O 2 ). Note that the lowest defect density in this case is found for ZnO-NR/0.8Au (highest O 1 /O 2 ratio), whereas the highest is found for ZnO-NR/1.2Au. This may indicate that above a certain threshold, Au particles aggregate more strongly, possibly leaving larger areas of the surface uncovered. Our results suggest that Au deposition correlates with decreasing Zn/O excess in our nanorods. That finding would be consistent with either Au replacing (surface) Zn or attracting additional O into the ZnO lattice.
In addition, XPS can give information on the changes in Fermi level position within the band gap close to the surface, as core level peaks follow energy shifts experienced by the valence band density of states. Clear shifts are observed in the positions of the Zn-and O-related peaks, as indicated in Figure 3 In contrast to the strongly bound states probed by XPS, UPS gives information on the weakly bound valence band (VB) density of states (DOS), which are shown in Figure 5 (a) measured by He II α excitation; furthermore, the work function (W f ) can be extracted from the high-energy electron cutoff (see Figure 5 (b)). Changes observed in the VB density of states with increasing Au coverage mostly originate from the growing Au contribution, which has characteristic features around 3 and 6 eV (shaded orange area). As a result of the Au DOS, the onset of the ZnO DOS cannot be read out, except in the case of zero coverage, where it is marked by a vertical black line at 3.45 eV with respect to the Fermi energy. Still, we can deduce changes induced to the ZnO-NR surface by the Au coverage using the characteristic ZnO-NR feature at 11 eV to track shifts. This feature is marked by a green arrow in Figure  5 (a), and the corresponding binding-energy shift in relation to the Au coverage is plotted in Figure 5 (c). In UPS, we observe a shift to lower binding energy by 400 meV that is somewhat 
Article larger than the shift in XPS; this is expected due to the higher surface sensitivity of UPS. Finally, Figure 5 (b,d) shows the high-energy cutoff as well as the extracted changes in work function, respectively. We find a monotonous increase in W f from 3.92 to 4.4 eV up to a Au coverage of 0.8 nm; however, for the thickest Au coverage, the W f is lowered, again indicating that the surface of that sample might have been affected by additional adsorbates.
Overall, XPS and UPS measurements both show that coverage of ZnO-NR by Au nanoparticles induces a shift of characteristic ZnO features to lower binding energies (i.e., an upward band bending of the energy levels toward the ZnO-NR surface as sketched in Figure 6 ). We want to note that work function values measured on the inhomogeneous Au covered surfaces should be interpreted as an "effective" W f that is somewhere in between the low W f of ZnO and the high W f of Au nanoparticles. 62 Therefore, in Figure 6 , we only give an indication of the trend by the dotted E vac line but no actual value for the surface work function. Furthermore, we note that the band gap is not affected by Au nanoparticle coverage, as inferred from the constant energy of the PL band edge feature (see Figure 2 (a)). This suggests that the CB edge follows the same trend of upward band bending (see Figure 6 ).
Theoretical work on ZnO indicates that an upward shift in the Fermi level position with respect to the band edges (which corresponds to a downward shifting of the bands with respect to E F , which is the frame of reference for the experiments here) alters the formation energies for vacancies, specifically decreasing the formation energy for Zn vacancies and increasing the formation energy for O vacancies. 32 Our UPS and XPS results consistently show that all characteristic energy levels shift to lower binding energies, corresponding to a shift of the Fermi level away from the conduction band.
Previously, ZnO nanorods have been reported to exhibit such an upward band bending at the surface (i.e., toward vacuum), for a variety of treatments, 44, 55, 63 which is the reason why we already indicated in Figure 6 that there might be a surface contribution δ 0 present even in the case without Au coverage. Upward band bending is equivalent to reduced ndoping at the surface 46, 47 (with respect to the ZnO nanorod bulk) and may significantly alter the optoelectronic and photocatalytic properties of ZnO-based devices. For example, it has been suggested that the predominant defect species in ZnO depends on the Fermi level 21, 32 and that the upward band bending creates V o + sites capable of engaging in recombination processes with VB holes, yielding the typical green emission of ZnO. [55] [56] [57] 59 The observed increase in this surface contribution with Au coverage in Figure 6 could have two origins: (i) the Au nanoparticles increase the upward band bending at the ZnO surface by changing the defect density of the surface and thereby the Fermi level position, or (ii) in the presence of a pre-existing surface band bending of the magnitude δ 0 , the partial coverage of the ZnO by Au merely decreases the XPS and UPS probing depth. In the latter case, even unaltered band bending in Au-decorated ZnO nanorods would manifest itself as an upshift of energy levels because of increased XPS and UPS surface sensitivities. We favor interpretation (i) of the increased band bending, as interpretation (ii) cannot explain the observed quenching of the defect PL.
Our PL data (see Figure 2 ) suggest that coverage of the ZnO-NR with Au particles can be applied to effectively reduce the density of oxygen vacancies and defects related to OH groups on the ZnO nanorod surface. The distinct binding energies of O-containing species in XPS (see Figures 3 and 4) further allow us to conclude that Au reduces the presence of surface −OH groups. Comparing the peak areas between O 1 and O 2 (i.e., oxygen in ZnO to oxygen present as surface −OH groups, see Figure 4 (b)), this ratio increases for ZnO-NR/ 0.4Au and ZnO-NR/0.8Au, consistent with the Au nanoparticle coverage reducing the number density of surface −OH sites. From the PL and XPS/UPS data, we cannot distinguish between the various models proposed in the literature on the charged state of the oxygen vacancya single-positive charge according to Barbagiovanni et al. 56, 57 or the uncharged and double-positive charge according to Janotti and Van de Walle. 21, 32 However, we note that it is important to account 
Article for band bending in any case, as green defect PL can be reduced by passivating oxygen vacancies via reduced n-type character at the ZnO surface.
Previously, Au nanostructures have been reported to either quench the green emission from ZnO nanostructures, correlated with increased photocatalytic activity, 37−43 or enhance the green emission, via formation of trap states at the Au/ZnO junction induced by an upward band bending and concomitant larger depletion regions within the ZnO layer. 42, 44, 46, 47 Our results, however, indicate that the increased upward band bending in ZnO-NR induced by Au is consistent with a reduction in defect states. 46, 47 II.ii. Perovskite-Infiltrated ZnO Nanorod Structures. We chose pristine ZnO nanorod arrays and ZnO-NR/0.8Au samples to test as an ETL in perovskite solar cells. Figure 7 shows the SEM cross sections of the perovskite layers infiltrated in the (a) ZnO-NR and (b) ZnO-NR/0.8Au samples. The samples appeared stable after thermal annealing at 100°C for 30 min, in contrast to former reports of MAPbI 3 deposited onto ZnO, which was reported to quickly turn yellow, indicating a decomposition of the perovskite. 30 However, in the XRD spectra shown in Figure 8 (a), we observe that the intensity of the (001) peak of the perovskite is higher in samples containing Au nanoparticles, and furthermore, the peak at 2θ = 12.7°, originating from PbI 2 , 4 is significantly lower here. Therefore, XRD suggests that Au suppresses the decomposition of perovskites into its constituents. under "front illumination" (i.e., the perovskite layer faces both the excitation source and PL detector). We measured the PL spectra of the samples using an excitation wavelength of 2.64 eV to study the emission from the perovskite layer while avoiding excitation of the ZnO and Au nanoparticles. Selective excitation of the perovskite at 2.64 eV is assumed based on the absorption spectra of the perovskites (see Figure S3 (b)), compared to the ZnO and Au nanoparticles (see Figure  S2 (b)). We normalized the perovskite PL spectra to account for slight differences in the perovskite layer thickness by dividing by the fraction of absorbed photons (F A ) at 2.64 eV, where F A is given by
and A is absorbance. We observe a decrease in the PL emission intensity when the absorber (see Figure S3 (b)) is interfaced with ZnO and a further decrease in PL emission when Au nanoparticles are introduced in the structures. An excitation wavelength of 2.64 eV is expected to lead to complete absorption of the excitation within the top 100 nm of the entire 800 nm perovskite layer. 64 Hence, front illumination is expected to reveal recombination processes mainly at the perovskite top surface and perovskite bulk region. To probe recombination processes at the interface with the ZnO electrode, we additionally performed experiments under "back illumination" (i.e., both the excitation light and the perovskite PL are transmitted through the glass/ITO/ZnO layers at the back of the sample). This should lead to the perovskite being excited predominantly at the ZnO interface rather than the bulk. We note, however, that the PL under back illumination (dashed lines) is only slightly less intense than under front illumination (solid lines). Although the influence of both the ZnO and the Au nanoparticles on the perovskite PL intensity is significant, the geometry of the measurement is not. We attribute the similarity in the spectra to the high diffusion lengths of charge carriers in perovskite layers. This indicates that locating defect sites in perovskite films (i.e., front surface versus bulk versus back surface of the film) with PL measurements is nontrivial.
II.iii. Impedance Modeling and Capacitance Spectra of Solar Cells. Solar cells were prepared by depositing doped spiro-OMeTAD hole-transport layers and Au electrodes onto the ZnO-NR/provskite and ZnO-NR/0.8Au/perovsite structures. Impedance spectroscopy was performed on the devices 
Article in the dark at DC bias voltages of 0 and 0.3 V to elucidate the influence of the Au nanoparticles on the electrical properties of the ZnO/perovskite interface. Figure 9 (a) shows the Nyquist plots for the ZnO-NR/perovskite (blue) and the ZnO-NR/ 0.8Au/perovskite (red) devices. We observe that the impedance (Z) increases with addition of Au nanoparticles. We do not observe a signature of ionic conduction, typically resulting in a low-frequency tail in the spectrum. 65 We modeled the impedance spectra with the equivalent circuit shown in the inset of Figure 9 (a). The circuit consists of a series resistance R s to account for contacting resistance and one resistor−capacitor (R−C) element. The capacitor is modified to account for any dispersive (time-dependent) effects by introducing a constant-phase element (CPE). The impedance of the CPE (Z CPE ) is given by
where ω is the angular frequency, Q is a coefficient, and α is a unitless parameter between 0 and 1 that accounts for dispersion in the system. If α = 1, CPE reduces to an ideal capacitor with Q = C, and if α = 0, the CPE reduces to an ideal resistor with Q = 1/R. 66 The values for the R 1 −CPE 1 element are very comparable at 0 and 0.3 V. We attribute this element to electrical processes at the ZnO/perovskite interface. As α ≈ 1, we set Q = C. Interestingly, the addition of Au nanoparticles significantly increases the resistance R 1 (922 ± 8 vs 1150 ± 7 kΩ at 0 V and 191 ± 1 vs 682 ± 4 kΩ at 0.3 V, respectively) but only minimally decreases the capacitance Q (16.4 ± 0.1 vs 16.3 ± 0.1 nF at 0 V and 18.4 ± 0.1 vs 18.3 ± 0.1 nF at 0.3 V, respectively) and decreases α (0.98 ± 0.01 vs 0.97 ± 0.01 at 0 V and 0.99 ± 0.01 vs 0.97 ± 0.01 at 0.3 V, respectively), as shown in Table 1 . The time constant (τ) of the relaxation process was calculated from the time constant of the circuit, given by
If R 1 is interpreted as the recombination resistance, then τ corresponds to carrier lifetime. 67,68 ZnO-NR/Au samples yielded higher values of τ than ZnO-NR samples (15 vs 19 ms at 0 V and from 4 vs 12 ms at 0.3 V).
To gain more insight into these results, we investigate the defect distribution at the ZnO/perovskite interface. Figure  9 (b) shows capacitance−frequency (C−f) spectra at DC bias voltages of 0 V in the dark for the ZnO-NR/perovskite (blue) and the ZnO-NR/0.8Au/perovskite (red) devices, respectively. We observe that adding Au results in a slight reduction in device capacitance over nearly the full frequency range, consistent with the results of the equivalent-circuit model.
To understand this more quantitatively, we examine the density of trap states (t-DOS) in the devices. By applying the approach first introduced by Walter et al., 69, 70 we investigated the t-DOS in the devices according to
where
where C is the capacitance, ω is the angular frequency, ω 0 is the attempt-to-escape frequency, q is the elementary charge, k B is Boltzmann's constant, T is the temperature, V bi is the built-in potential, and w is the depletion width of the solar cell. The model assumes that trap states located close to a characteristic demarcation energy will capture or emit charges with a characteristic frequency, thereby contributing to the frequency-dependence of the capacitance, and that the defect distribution is proportional to the derivative of device capacitance with respect to frequency. The demarcation energy is calculated from ω = ω 0 (i.e., the maximum frequency at which a defect at energy E ω is charged or discharged by the V ac 
Article signal). 69 Features at low frequencies are attributed to shallow trap densities, and features at higher frequencies are attributed to deep trap densities. 70 Figure 9 (c) shows the plot of ω − ω C d d as a function of ΔE, where ΔE is given by
and
, of the ZnO-NR/perovskite (blue) and the ZnO-NR/0.8Au/ perovskite (red) devices. We observe that the t-DOS spectra show a deep trap state between ΔE = 0.35 eV and ΔE = 0.4 eV. The Au nanoparticles appear to reduce the density of deep traps in this energy range. We also tentatively relate these results to the larger signal from PbI 2 (see Figure 8 (a)) in the ZnO-NR/perovskite device compared to the ZnO-NR/0.8Au/ perovskite device (see Figure 5 ), in contrast to the suppressed surface defects on ZnO-NR/0.8Au (see Figure 2 ). The impedance data in the dark confirm the conclusions drawn from the PL and XPS measurements: incorporation of Au nanoparticles in ZnO nanorods yields higher carrier lifetimes, lower capacitance (in agreement with the lower defect densities found in PL), and an increased resistance (possibly a fingerprint of the increased band bending inferred from XPS and UPS). Specifically, Au was found to reduce the trap density centered between 0.35 and 0.4 eV (see Figure  9 (c)). As the t-DOS analysis does not discriminate between positively or negatively charged defect sites, 70 the trap density may be distributed above or below E F in the bandgap. Depending on the nature of the trap sites and position in the bandgap, electron transfer between the Au nanoparticle and the perovskite or between the Au nanoparticle and ZnO-NR may lead to passivation of this trap density. Additionally, an increase in the E F at the heterostructure junction under illumination would promote trap filling.
II.iv. Solar-Cell Performance. Figure 10(a) shows the current density−voltage (J−V) characteristics under illumina-tion for the ZnO-NR/perovskite (blue) and the ZnO-NR/ 0.8Au/perovskite (red) devices with reverse scan (RS) at a scan rate of 182 mV/s. Generally, we observe that the ZnO-NR/0.8Au/perovskite solar cells have higher power-conversion efficiencies (PCE) than the ZnO-NR/perovskite solar cells. Specifically, devices prepared with ZnO-NR/Au vs ZnO ETL demonstrate higher open-circuit voltage (V oc ) and fill factor (FF) values, leading to increased PCE. The PCEs of the solar cells were observed to increase from 11.5 ± 0.2 to 12.7 ± 0.9%, the V oc from 0.86 ± 0.01 to 0.92 ± 0.04 V, and the FF from 60.1 ± 0.4 to 62.8 ± 3.5% upon the addition of Au nanoparticles. The short-circuit current density (J sc ) of the ZnO-NR/perovskite devices is 22.1 ± 0.3 mA/cm 2 , and that of the ZnO-NR/0.8Au/perovskite devices is 22.2 ± 0.1 mA/cm 2 . We note that J sc is not influenced by the addition of Au nanoparticles. The solar-cell parameters (taken in reverse scan) are summarized in Table 2 . Figure 10(b) shows the J−V characteristics in the dark. We also observe a stark difference between the reverse scan (RS) and forward scan (FS) of the J− V characteristics of the devices (see Figure S4(b) ); the addition of Au nanoparticles does not reduce the hysteresis effects. This indicates that hysteresis in the J−V of the solar cells is not related to defects in the ZnO-NR.
The addition of Au nanoparticles on the ZnO nanorods electrodes lead to an increase in V oc , FF, and PCE of the solar cells under illumination, yet no increase in the J sc , as would be expected for plasmonic enhancement. Instead, the improved PCE of the devices is consistent with reduced interfacial recombination at the electron-transport layer interface. 37, 46, 47, 64 The increased FF and V oc originate from a better diode rectification, inferred from the J−V curves in the dark (see Figure 10 (b)), and point toward a critical role of defect-free electrode interfaces in photovoltaic cells. On the other hand, the typical hysteresis of perovskite solar cells seems unaffected by the presence of Au nanoparticles (see Figure  S4(b) ), suggesting the hysteresis to be a bulk perovskite phenomenon, at least in these devices.
II.v. Operational Stability of the Solar Cells. Figure 11 shows the time-dependent change in PCE, V oc , FF, and J sc of the ZnO-NR/perovskite (blue) and ZnO-NR/0.8Au/perovskite (red) devices under constant AM1.5 illumination. The performance of the ZnO-NR/0.8Au/perovskite device is initially higher but deteriorates more rapidly in these devices than for the ZnO-NR/perovskite devices. This is primarily visible in the loss of V oc and FF, resulting in a decrease in PCE. In contrast, the V oc of the ZnO-NR/perovskite device even increases over time, consistent with the typically observed trap filling in metal oxides under light soaking. The lack of such positive light-soaking behavior in the ZnO-NR/0.8Au/perovskite devices supports our earlier hypothesis that the surface traps are already passivated by the Au particles, as light soaking does not influence performance in these devices.
Interestingly, the Au particles appear to stabilize the J sc values, leading to less relative change in J sc of the ZnO-NR/ 0.8Au/perovskite devices compared to that of the ZnO-NR/ The error is given by the standard deviations in the parameters. The parameters of the champion cell are given in parentheses.
Article perovskite devices. To investigate this behavior further, we extracted the series resistance (R s ), shunt resistance (R SH ), and saturation current (J o ) from the J−V curves under constant illumination. Figure 12 (a−c) shows the time-dependent changes in R s , R SH , and J o . We observe that R s increases and R SH decreases under constant illumination for both device architectures. More notable is that J o (see Figure 12 (c)) increases roughly exponentially in the ZnO-NR/0.8Au/perovskite device, whereas J o decreases roughly exponentially in the ZnO-NR/perovskite device. This behavior is consistent with the increase in V oc in the ZnO-NR/perovskite device and the decrease in V oc in the ZnO-NR/0.8Au/perovskite device. We do not attribute this behavior to heating of the devices during measurement, which is negligible (see Figure S7(a) ). Rather, it may indicate dynamic processes of the ZnO-NR/Au/perovskite interface. We note that the phenomena in our operational stability test are nearly reversible (see Figure S7 (b)) and, hence, are better described by reversible light-soaking effects than degradation processes. 46 
III. CONCLUSIONS
We demonstrate a straightforward way to control surface defects on ZnO nanorods arrays with thermally deposited Au nanoparticles. Thermal deposition of Au nanoparticles enables the formation of small, evenly distributed nanoparticles with well-defined sizes <10 nm while avoiding contamination and etching of the ZnO-NR. With a combination of PL, XPS, and UPS, we observe that the Au nanoparticles decrease the density of oxygen vacancies and OH-related surface defects in the ZnO-NR. We discuss these results in terms of Au-induced band bending in surface-near regions of the ZnO-NR. Solar cells were fabricated by infiltrating mixed-cation and mixedhalide lead perovskite (Cs 0.15 FA 0.85 PbI 2.75 Br 0.25 ) layers into the ZnO nanorods. Impedance spectroscopy revealed a reduction in carrier recombination rates, corresponding to a reduction in the trap density in solar cells prepared with ZnO-NR/Au versus ZnO-NR transport layers. Proof-of-concept solar cells demonstrated an increase in the open-circuit voltage and fill factor and, therefore, PCE. The Au nanoparticles, however, did not increase device stability, indicating that other effects may limit device lifetime.
IV. EXPERIMENTAL SECTION
IV.i. Materials. Zinc acetate dihydrate (analysis grade) and hexamethylenetetramine (analysis grade) were purchased from Merck Chemicals and used as received. Zinc nitrate hexahydrate (reagent grade, purity 98%), cesium iodide (CsI), spiro-OMeTAD (HPLC grade, purity 99%), bis(trifluoromethane) sulfonimide lithium, chlorobenzene, ethanolamine (ACS reagent grade, purity >99%), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 4-tertbutylpyridine (purity 96%), acetonitrile, and acetone were purchased from Sigma-Aldrich and used as received. Formamidinium iodide (FAI) was purchased from Greatcell Solar (formerly Dyesol). Lead(II) iodide (PbI 2 ) and lead(II) bromide (PbBr 2 ) were purchased from TCI. Absolute ethanol was purchased from VWR Chemicals. Au (purity 99.99%) was purchased from Cookson Drijfhout B.V.
IV.ii. Synthesis of ZnO Nanorods by Chemical Bath Deposition. ZnO seed layers were prepared using a sol−gel method on ITO sputtered glass substrates (Praezisions Glas & Optic GmbH) with size of (25 ± 0.5) × (25 ± 0.5) mm and thickness of 1.1 ± 0.1 mm. ITO substrates were cleaned for 15 min in acetone, 15 min in ethanol, and finally 15 min in Milli-Q water (18 MΩ·cm) . All cleaning steps were performed in an ultrasonic bath at room temperature. Finally, the substrates were dried by a nitrogen flux and exposed to UV/ozone (ProCleaner 220, Bioforce Nanoscience Inc.) for 15 min. For the fabrication of ZnO seeds, solution with a 0.5 M concentration of zinc acetate dihydrate and monoethanolamine (MEA) with a molar ratio of 1:1 in ethanol was prepared based on the recipe from Peukert et al. 52 The mixture was put in an ultrasonic bath at 40°C for 20 min and was kept stirring at 40°C for an additional 20 min. This step was repeated until a clear solution was obtained. The precursor solution was then allowed to cool to room temperature, and subsequently, 200 μL of solution was deposited on ITO glass substrate by spin-coating at 2000 rpm for 30 s. The film was then thermally annealed using a precision hot plate at 350°C for 20 min in air. 
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Article ZnO-NR were subsequently prepared by deposition in a solution of 25 mM of zinc nitrate hexahydrate and 25 mM hexamethylenetetramine (molar ratio 1:1) in Milli-Q water (18 MΩ·cm). 52 The solutions were prepared according the procedure below. First, zinc nitrate hexahydrate was dissolved in half of the total volume of the solution, which was followed by ultrasonification at room temperature for 5 min. Then, hexamethylenetetramine was added to the second half of the solution, followed by ultrasonification at room temperature for 10 min and stirring on a hot plate at room temperature for 15 min. Ultrasonification was performed again for 5 min at room temperature. This was followed by stirring on the hot plate at room temperature for 15 min. ZnO-NR were grown at 80°C for 60 min. A 20 mL aliquot of solution was used for each substrate. The samples were then cleaned by Milli-Q water and dried using N 2 .
IV.iii. Deposition of Au Nanoparticles on ZnO Nanorods. To create the Au nanoparticles, a thin layer of Au was deposited on ZnO-NR in a thermal evaporation chamber at 1 × 10 −6 mbar. The deposition rate was 0.1 Å/s. The recorded thicknesses of the Au were 0.4, 0.8, and 1.2 nm.
IV.iv. Preparation of Mixed-Cation and Mixed-Halide Lead Perovskite Layers. The perovskites (Cs 0.15 FA 0.85 PbI 2.75 Br 0.25 ) were prepared using 760 mg of CsI, 2850 mg of FAI, 8259 mg of PbI 2 , and 895 mg of PbBr 2 in 13.5 mL of DMF and 1.5 mL of DMSO. The solutions were stirred at room temperature for a few hours in a N 2 environment. The film was deposited by spin-coating 60 μL of the solution on top ZnO-NR and ZnO-NR/0.8Au at 1000 rpm for 15 s and at 5000 rpm for 45 s. After 25 s of the spin-coating process, 210 μL of chlorobenzene was sprayed on the films. Then, the films were thermally annealed at 100°C for 30 min in a N 2 environment.
IV.v. Deposition of Doped Spiro-OMeTAD as the Hole-Transport Layer. Spiro-OMeTAD (80 mg) was dissolved in 1 mL of chlorobenzene. The solution was then stirred overnight. 4-tert-Butylpyridine (28.5 μL) followed by 17.5 μL of lithium bistrifluoromethanesulphonimidate solution (520 mg of lithium bistrifluoromethanesulphonimidate/1 mL of acetonitrile) were then added to the solution. The solution was then stirred for 10 min. A 50 μL aliquot of the solution was deposited on top of the perovskite layer by spin-coating at 2000 rpm for 60 s. The sample was purged in N 2 for 30 min. The samples were then exposed for at least 1 night to ambient conditions in the dark.
IV.vi. Deposition of the Au Electrode. Finally, 100 nm of Au was deposited with a rate of 1 Å/s onto the structures in a thermal evaporation chamber at 1 × 10 −6 mbar.
V.vii. Photoluminescence Spectroscopy. PL measurements were performed using a Cary Eclipse − Varian B.V. in ambient conditions. Measurements on ZnO-NR and ZnO-NR/Au samples were performed with excitation at 4.43 eV (280 nm). Measurements were performed in ambient conditions with an excitation filter from 3.14 to 4.96 eV and an emission filter from 1.23 to 3.44 eV.
PL measurements on ZnO-NR/perovskite and ZnO-NR/0.8Au/ perovskite structures were performed with excitation at 2.64 eV (470 nm), a scan range from 1.37 to 2.07 eV, filters for the excitation from 2.0 to 3.7 eV, and emission filters from 1.13 to 2.26 eV. The measurements were performed under both "front illumination" (with the perovskite layer facing the excitation source) and "back illumination" (via first the glass/ITO/ZnO-NR layer).
V.viii. Photoelectron Spectroscopy (XPS and UPS). The photoelectron spectroscopy measurements were performed at the Institute of Physical Chemistry, University of Cologne, Germany, in a custom-built UHV system using a Phoibos 100 hemispherical electron analyzer from Specs. The XPS was performed with an Al Kα X-ray source (VG) at an excitation energy of 1253.6 eV, whereas UPS was performed with a He plasma lamp (VG Scienta) using the He II α line at 40.8 eV. The relative peak intensities of XPS spectra were corrected by their relative sensitivity factors (RSF, 2.93 for O and 9 for Zn).
V.ix. Impedance Spectroscopy. Impedance spectroscopy measurements were performed using a PGSTAT302N (Autolab, Metrohm) equipped with an impedance analyzer (FRA32M). The frequency range used was 1 MHz−10 Hz, and a V ac amplitude of 10 mV was applied. The DC voltage was varied, and measurements were performed at 0, 0.1, 0.2, and 0.3 V in the dark.
V.x. Current−Voltage Characterization. Current−voltage curves measurements were performed in a N 2 environment. J−V curves were obtained in the dark and under AM 1.5G of sun (100 mW/cm 2 ) illumination with a LOT solar simulator combined with a Keithley 2400 source meter controlled by a LabView program. We measured at a scan rate of 182 mV/s in the reverse scan (RS). Under illumination, a mask was used, and the effective active area was 0.16 cm 2 for these measurements. In our measurements, we employed a delay time of 50 ms between setting the voltage and reading the voltage, an integration time of 20 ms for three cycles of reading the current, a precondition voltage of 1.2 V before the start of each measurement, a hold time of 11 s, and a voltage step size of 22 mV. We also investigated the hysteresis by recording scans in both forward (FS) and reverse (RS) direction.
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